The electronic structure and stability of three phases of titanium monoxide TiO y with B1 type of the basic structure have been studied. Cubic phase without structural vacancies, TiO, and two phases with structural vacancies, monoclinic Ti 5 O 5 and cubic disordered TiO 1.0 , was treated by means of firstprinciples calculations within the density functional theory with pseudo-potential approach based on the plane wave's basis. The ordered monoclinic phase Ti 5 O 5 was found to be the most stable and the cubic TiO without vacancies the less stable one. The role of structural vacancies in the titanium sublattice is to decrease the Fermi energy, the role of vacancies in the oxygen sublattice is to contribute to the appearance of Ti-Ti bonding interactions through these vacancies and to reinforce the Ti-Ti interactions close to them. Listed effects are significantly pronounced if the vacancies in the titanium and oxygen sublattices are associated in the so called "vacancy channels" which determine the formation of vacancy ordered structure of monoclinic Ti 5 O 5 -type.
Introduction
In the majority of the binary non-stoichiometric transition metal compounds the non-stoichiometry occurs due to substitution of atoms by structural vacancies in one of the sublattices [1] . In titanium monoxide TiO y in the both sublattices, metal and nonmetal, structural vacancies are present [2] . These vacancies can be removed only by the means of annealing at high temperature and pressure [3] . At a stoichiometric composition (y ¼1) the fraction of vacancies is about 15 at% in every sublattice [2, 4] . At a nonstoichiometric composition (y≠1) the fraction of vacant sites in the titanium sublattice is not equal to that in the oxygen sublattice. In order to demonstrate the presence of vacancies in both sublattices [5] the formula of the titanium monoxide is written as Ti x O z or as Ti x ■ 1-x O z □ 1-z . Here x and z are the fractions of occupied atomic positions in the titanium and oxygen sublattices, respectively, ■ and □ are the symbols for structural vacancies in the titanium and in the oxygen sublattices respectively. The value y in the formula TiO y is equal to z/x and may vary from 0.70 to 1.25 for disordered monoxide [2] .
The structures of all the phases of titanium monoxide are derivatives of the cubic B1 structure (NaCl). Vacancies can occupy randomly or regularly the sites of the basic structure. Disordered phase is in thermodynamic equilibrium at temperatures higher than 1263 K [2] . Annealing at a temperature below 1263 K results in a redistribution of structural vacancies within the basic B1 structure and formation of ordered phases [2, 4, 6, 7] . Monoclinic phase Ti 5 O 5 (Ti 5 ■ 1 O 5 □ 1 ) appears as a result of ordering when y¼1.0 [2, 4, 6] . Its structure is shown in Fig. 1 . The fraction of vacant sites is 1/6 in both sublattices.
All sites of the perfect B1 structure sublattices are equivalent to each other. The sites of every sublattice in monoclinic structure Ti 5 O 5 can be classified into four types. The criterion for this classification is the number and location of vacancies in the first, second, and third coordination spheres. The clusters for the site types are shown in Figs. 2 and 3. Each type of sites is labeled with a symbol X c a=b , X is the symbol for chemical element in the sublattice, a, b, c are the numbers of vacancies around the X atom in the first, second, and third coordination spheres, respectively [1] . The vacancies of every sublattice of monoclinic phase are grouped in vacancy channels orientated along the [010] B1 crystallographic direction [4] . Vacancies in the channel alternates by the atoms of another sublattice ( Fig. 4 ). There are also channels of another type in the ordered structure. They are composed of vacancies of both types, metal and nonmetal. These channels are oriented along the [112] B1 direction and can be observed experimentally with transmission electron microscopy [8, 9] .
There are many computational studies devoted to the analysis of vacancy formation in titanium monoxide. Goodenough [11] proposed that the vacancy creation is possible if Madelung energy loss is compensated by a reduction of the lattice constant and by an increment of the electron density in the anion holes and a depletion of the electron density in the cation holes. Huisman et al. [12] has reported that the formation of the vacancies results in shifts of the averaged band energies, changes of the band widths and position of the Fermi level, and a creation of new, so called, "vacancy states" induced by the vacancies. Gubanov et al. [13] studied the influence of the vacancies in the metallic and nonmetallic sublattices on the electronic structure employing the nonempirical Hartree-Fock-Slater method. A narrowing of the bands was found. The vacancy states are above the Fermi level and its admixture in the occupied part of the valence band is unessential. The density of electronic charge inside the nonmetal vacancies was reported to be small. This assertion contradicts to the conclusions in [11] . The metal-metal interaction through the oxygen vacancies was not found. On the contrary, the evidence of metal-metal interactions was reported in [14] [15] [16] .
The most recent detailed computational studies of titanium monoxide were carried out in 2005. Andersson et al. [17] reported the results of LDA and GGA calculations for vacancy-free phase TiO, monoclinic phase Ti 5 O 5 , and disordered phase TiO 1.0 . TiO and Ti 5 O 5 were treated using the VASP code based on a plane wave basis set and projector augmented wave (PAW) potentials. TiO 1.0 was treated with the Korringa-Kohn-Rostoker (KKR) Green's function technique employing multipole-corrected atomic sphere approximation. The occupied states region was found to consist mainly of O 2p and Ti 3d states separated by a p-d gap. Vacancy formation leads to the narrowing of the gap. Calculations of enthalpies of formation revealed the monoclinic phase to be preferable as compared to vacancy-free TiO. However, the use of different methods of calculation for different phases does not allow the correct comparison of full energies of these phases. Therefore the problem of stability of disordered phase was not solved.
Graciani et al. [18] studied only TiO and Ti 5 O 5 phases that were treated with the same code as in [17] . Calculations were carried out within the GGA implementation of density functional theory proposed by Perdew et al. [19] . An analysis of partial DOS of Ti 0 2=2 , Ti 0 1=3 , and Ti 2 1=2 titanium type positions revealed an enhancement of the Ti-Ti interactions through oxygen vacancy and close to the same oxygen vacancy. The hybridization between O 2p and Ti 3d states was not found. This means that only ionic type of chemical bond between titanium and oxygen exists. Electron density inside the oxygen vacancies was found to be higher than that inside the titanium vacancies. This factor compensates the loss in Madelung energy and contributes significantly to the stabilization of the basic B1 structure.
The most detailed experimental investigation of the electronic structure of the titanium monoxide was performed by Bartkowski et al. [20] . The monoclinic phase Ti 5 O 5 and the cubic phase without vacancies TiO were studied by X-ray and ultraviolet photoelectron spectroscopy. The experiments confirmed the presence of high density of electron states at the Fermi level and strong metallic type of chemical bond in both Ti 5 O 5 and TiO. Valence band of these phases was found to consist of O 2p and Ti 3d peaks. However, the p-d gap between these peaks was not detected in contrast to the results of numerous theoretical investigations. The valence band of TiO is wider than the valence band of Ti 5 O 5 . No additional peaks that would be induced by vacancies in Ti 3d part of valence band were found.
Although it was proposed in numerous computational studies that spontaneous formation of vacancies reduces the energy of B1 lattice of titanium monoxide, there are still many problems unresolved. The numerous computational studies present contradictory results of analysis of chemical bond in the vacancy-free TiO and the ordered Ti 5 O 5 . The higher stability of ordered phase Ti 5 O 5 as compared to the disordered phase and TiO is not confirmed by accurate first-principles calculations. The factors that cause the stability of disordered state are also unclear. The vacancy channels in disordered titanium monoxide are absent, but the fraction of the vacancies is about as high as in the ordered Ti 5 O 5 phase. To answer all these questions, in this work first-principle calculations of the electronic structure were performed for the titanium monoxide with vacancy-free B1 structure, the monoclinic phase, and the disordered cubic phase. Special attention was paid to the analysis of interaction between titanium and oxygen in different positions in Ti 5 O 5 structure. In order to reveal the role of the oxygen and titanium vacancies in the disordered TiO y , calculations of the electronic structure of disordered phase with the compositions of y¼ 0.75 and 1.33 were performed. These compositions correspond to the boundaries of the homogeneity region and the vacancies at least in one of the sublattices are absent.
It should be noted that at present there is a high interest to titanium monoxide as a material for cascaded oxide thermoelectric generators [21] due to its unique thermoelectric properties [22] . Additionally, titanium monoxide can be used in microelectronics as a diffusion barrier against the inter-diffusion of Al and Si [23, 24] . Very wide homogeneity regions, high vacancy content and ordering of vacancies give an opportunity to vary the properties of the material in wide limits. Therefore, it is important to understand the influence of the composition and ordering of structural vacancies on the electronic structure of titanium monoxide.
Details of the calculations
The calculations were performed by the means of the density functional theory [25, 26] within the generalized gradient approximation (GGA), as implemented in the PBE [27, 28] form of exchange-correlation potential. All the phases under investigation were treated with the PWSCF code of the QUANTUM-ESPRESSO package [29] based on plane waves (PW) and pseudo-potentials. The electron kinetic energy cutoff was 45 Ry. Titanium 3s3p semi-core levels were included in the Ti pseudopotential.
Monkhorst-Pack scheme [30] was used for integration in the reciprocal space, the grid being 8 Â 8 Â 6. Gaussian broadening for DOS calculations was 0.01 Ry.
To investigate the electronic structure of disordered phase, a supercell was constructed. This supercell consisted of four Ti 5 O 5 unit cells and contained 96 sites of the basic B1 structure. The number of atoms was 40 in every sublattice, 8 sites were vacant. There is no sufficient data about short-range order in the disordered titanium monoxide, so 80 atoms were distributed randomly on the 96 sites of the supercell. In this way, 20 super cells with different disordered distributions of atoms and vacancies were modeled. The results of calculations for them were averaged afterward with the equal weight.
The lattice constant of TiO with perfect B1 structure was accepted to be 420.6 pm [3] . The lattice constants of monoclinic phase are: a¼ 585.5, b¼934.0, c¼414.2 pm, β¼ 107132 according to the experiment [6] . These values demonstrate the tetragonal distortions along the [100] B1 direction of the monoclinic phase. The lattice constant of the disordered phase is 418.2 pm [6] . The formation of vacancies results in static displacements of atoms. Therefore relaxation of atomic positions within the cell was performed for Ti 5 O 5 and TiO 1.0 using quasi-Newton algorithm in PWSCF code [29] . Relaxation of the cell parameters was not performed as this has a much less influence on the full energy than the introduction of vacancies and static displacements of atoms [17, 18] .
Calculations of enthalpy of formation were carried out to estimate the role of interaction between titanium and oxygen in different phases on the stability of titanium monoxide. Entropy contribution to the energy of the phases was not taken into account as it depends on the temperature. The enthalpy of formation ΔH TiOy was calculated according to the following equation:
here k is the coefficient for conversion from eV to kJ/mol, E TiOy is the full energy of titanium monoxide calculated for one unit cell or supercell, N Ti andN O are the numbers of titanium and oxygen in the cell respectively, E Ti is the energy of titanium in its ground state calculated per one atom, E O 2 is the energy of an oxygen molecule that includes the effect of spin polarization, N is the number of basic units (Ti-O atomic pairs) in the cell. To calculate E O 2 a primitive cubic structure was simulated. Oxygen molecules were placed on its sites. The cell parameter of the structure was accepted to be 20 times larger than the distance between oxygen atoms in the molecule to minimize the interaction between molecules.
Results and discussion

Stability of the phases
The Fermi energy values and enthalpies of formation calculated for the vacancy-free TiO, the ordered monoclinic Ti 5 O 5 and the disordered cubic TiO 1.0 which are presented in Table 1 show that the ordered Ti 5 O 5 is the most stable phase among of three. The disordered TiO 1.0 is less advantageous as compared to the ordered one but the vacancy-free phase has the highest enthalpy. Formation of the vacancies in the B1 structure of titanium monoxide results in a considerable decrease of the Fermi energy, the effect being larger in the case of the disordered phase.
It should be noted that the enthalpy of formation value calculated for disordered cubic phase is in excellent agreement with the experimental data [31] . Enthalpies of ordered and vacancy-free phases are close to the values calculated in [17] and [18] .
Electronic structure
The total densities of states calculated for the phases under investigation are shown in Vacancy free phase has the highest Fermi level density; monoclinic phase has the lowest one due to a pseudo-gap presence. The pseudo-gap depth decreases considerably and the Fermi level density increases under disordering of the vacancies. Appearing of the vacancies in the basic B1 structure of titanium monoxide results in the narrowing of occupied states region from the bottom of the valence band to the Fermi energy, by about of 1 eV. This effect is in a good agreement with the experimental data [20] .
Electron density maps of the vacancy channels in the ordered phase are presented in Fig. 6 . It can be seen that the charge density in the oxygen vacancy is higher than that in the titanium vacancies. This difference compensates partially the loss in Madelung energy induced by the formation of the vacancies. In addition, accumulation of the charge in the oxygen vacancies can indicate the formation of the Ti-Ti bond interaction across these vacancies. Changes in the Ti 3d states of the atoms around the oxygen vacancies lead to the redistribution of density of states near the Fermi level and the formation of the pseudo-gap. Disordered phase has no vacancy channels. Its pseudo-gap depth is very small as compared to ordered monoclinic phase. Therefore the significant change of the Ti-Ti bonding interactions requires the oxygen vacancies to be ordered.
Mechanism of stabilization of the ordered phase
The partial Ti 3d and O 2p densities of states calculated for the vacancy-free titanium monoxide and the ordered monoclinic phase are presented in Fig. 7a and b , respectively. It can be seen that the Ti 3d states are present in both the high energy and the low energy parts of the occupied states region of TiO and Ti 5 O 5 . These states are hybridized with the O 2p ones in the low energy part. In [18] the Ti 3d states were found to be only in the high energy part of the valence states and no indications of the p-d hybridization were revealed. Analysis of the orbital configurations of the Ti 3d electrons (see Fig. 8 ) indicated that some of them form the covalent bonds with O 2p states in the low energy part and the others form the Ti-Ti bonds in the high energy part both in the vacancy free and the ordered monoclinic phases. The Ti-Ti interactions in the second coordination sphere cause the metallic character of titanium monoxide.
In the vacancy free TiO all the sites of the metallic and nonmetallic sublattices are symmetrically identical. The DOS's calculated for different configurations of the Ti 3d electrons in TiO are shown in Fig. 8a . The densities of the O 2p configurations are presented in Fig. 9a . The 3d z2 and 3d x2−y2 states form the Ti-O covalent bonds, the 3d xy , 3d zy and 3d zx states form the Ti-Ti bonds. The DOS's of the 3d xy , 3d zy and 3d zx states and of the 3d z2 and 3d x2−y2 states are identical due to the symmetry of the cubic phase without vacancies.
There are three types of the atomic positions and one type of the vacancy positions in each sublattice of the monoclinic phase (see Figs. 2 and 3) . The partial DOS calculated for the titanium and oxygen in different positions are presented in Figs. 8b-d the O 2p states of different atomic positions differ insignificantly. Only small destabilization of the O p y orbital can be noted for the atoms inside the vacancy channel of titanium sublattice. These atoms loose two of six covalent bonds with titanium. On the whole, the results of the analysis of the titanium and oxygen partial DOS depending on the types of atomic positions confirmed the conclusions of Graciani et. al. [18] with the exception of the fact of significant 3d-2p hybridization. It should be also noted that the Ti 4s states which are not considered in [18] are partially hybridized with the Ti 3d states both in TiO and Ti 5 O 5 . Formation of the vacancies results in changes of the densities of Ti 4s states simultaneously with the changes of the Ti 3d states (Fig. 7) .
The specific arrangement of the oxygen and titanium vacancies is the reason for higher stability of the basic B1 structure in monoclinic phase as compared to the B1 structure in vacancy-free TiO. The ordering of the oxygen vacancies in the channels requires the titanium vacancies to be ordered in the same manner. At this condition all the titanium atoms take part in the stabilization mechanism described above. For instance, if the titanium vacancies are not ordered, some of the titanium atoms will be in Ti c 0=b positions and will have no vacancies in their first coordination spheres. Creation of titanium and oxygen vacancy channels results in the lowering of the symmetry of titanium monoxide from cubic to monoclinic one. It is also important that the most influence of the stabilization mechanism on the stability of the B1 structure is achieved at the vacancy concentration of 1/6. If the vacancy concentration is less than 1/6 then some Ti atoms are not affected by the oxygen vacancy channels. On the other hand, the excess of the B1 lattice sites with 2 or more vacancies in the first and second coordination spheres would take place if additional vacancies were outside of the vacancy channels. This would lead to the rupture of the Ti-O interactions in the first coordination spheres and of the Ti-Ti interactions in the second ones and, consequently, would lead to the increase of full energy of B1 lattice in spite of the presence of the vacancy channels.
Disordered phase
Vacancy channels in the sublattices disappear and the stability of the compound decreases upon the disordering of the structural vacancies. The enthalpy of formation of the disordered phase is 4.7% higher than the enthalpy of the ordered phase but 4.3% less than that of the vacancy-free TiO. The electronic structure calculations for the disordered titanium monoxide with the compositions that correspond to the homogeneity region boundaries were made to reveal the role of the vacancies in titanium and oxygen sublattices. The dependence of the vacancy concentration in the sublattices on the composition y in TiO y was studied by Valeeva et al. [5] . The dependence of the lattice constant of the disordered phase on its composition is reported in [32] . In [10] analytical dependencies were proposed for computational study. The homogeneity region boundaries of the ordered and disordered phases are not yet defined exactly enough. The ordered phase was found to be stable in the limits from y¼0.9 to 1.1 [2] but in [33] no homogeneity region was reported. The wide homogeneity region of the disordered phase was ascertained by all the experimental investigations. Its lower boundary is in the limits from 0.7 to 0.9 and the upper boundary is in the limits from 1.25 to 1.33 [2, [4] [5] [6] . In present work the homogeneity region was considered to be from 0.75 to 1.33 according to the suggestions in [10] . If y¼ 0.75 z decreases up to 3/4 and x increases up to 1. On the contrary, z increases up to 1 and x decreases up to 3/4 if y¼ 1.33. Thereby, at the homogeneity region boundaries vacancy concentration is 25% for one of the sublattices and 0% for another.
The fractions of atomic positions in the sublattices and calculated Fermi energies for the disordered phase of different compositions are presented in Table 2 . The corresponding electronic spectra are presented in Fig. 10 . The pseudo-gap depth has the maximum when the number of oxygen vacancies is as high as possible (y¼0.75). If there are no vacancies on the oxygen sublattice (y¼ 1.33) no pseudo-gap can be found. On the other hand, Fermi energy decreases from 14.45 to 13.86 eV upon the increasing of the vacancy fraction on the titanium sublattice from 1/6 to 1/4. Reduction of the number of the titanium vacancies up to zero results in the rise of the Fermi energy up to 16.68 eV. The Fermi energy of TiO 0.75 (Ti 1 O 3/4 ) is 10% less than that of TiO. In the case of TiO 1.33 (Ti 3/4 O 1 ) this difference increases up to 25%. Thereby, vacancies in the titanium sublattice affect Fermi energy much more than vacancies in the oxygen sublattice.
Conclusion
The first-principles calculations of the electronic structure and enthalpy of formation realized for the vacancy-free titanium monoxide TiO, the ordered phase Ti 5 O 5 , and the disordered phase TiO y demonstrated that the vacancy-free TiO is the less stable phase and ordered Ti 5 O 5 is the most stable one. The results of calculations are in agreement with the experimental data and the results of the other known computational studies. The detailed analysis of the electronic structures revealed that the formation of the titanium vacancies decreases the Fermi energy significantly. It is the main factor for stabilization of the basic B1 structure of both ordered and disordered phases of titanium monoxide. The role of the oxygen vacancy was found to be mainly in the reinforcement of the Ti-Ti bond interactions through and close to the vacancy. This effect causes the ordering of vacancies in the sublattices and therefore the formation of the ordered monoclinic phases Ti 5 O 5 that is more stable than the disordered one. The analysis of the 3d states of titanium in different positions in Ti 5 O 5 structure suggests that the ordering on both sublattices should occur in the same way.
